Frequency distribution of zircon U-Pb ages has been commonly utilized to interpret the age of a magmatic event. Anomalies in age peaks are related to plate movement caused by mantle convection during the formation of supercontinents and continent crust growth. In this paper, a singularity analysis method (frequency anomalies) is used to analyze a dataset (n = 823, discordance lower than 10%) of zircon U-Pb ages from the Great Xing'an Range (GXR), in order to characterize the causal relationship between age transitions and Pacific Plate subduction. The number-age plot result shows that there is a peak around at 125 Ma, and the log-log plot reveals that there are two transitional ages (knee points) at 125 Ma and 145 Ma. The age densities of the peak at 125 Ma and the transition at 145 Ma can both be fitted by power law functions, which indicate transitional ages have the characteristic of singularity. Combined with the subduction geological background in the late Mesozoic, the possible singularity mechanisms corresponding to the age peak at 125 Ma and the transition at 145 Ma are slab rollback and slab breakoff of the Pacific Plate, which is consistent with conclusions from geology and geochemistry. This result suggests that singularity analysis can be used as a new method to quantitatively characterize volcanic activities and tectonic setting in geological processes.
Introduction
The Great Xing'an Range (GXR, Figure 1 ), east of the Central Asian Orogenic Belt (CAOB or Altaid), is dominated by Mesozoic volcanic rocks and other associated igneous rocks [1] [2] [3] [4] . There has been much debate concerning the tectonic setting in which these rocks formed, and two main proposals have been put forward: (1) subduction of the Mongol-Okhotsk Ocean from the north [5, 6] , and (2) subduction of the Pacific Plate from the east [4, 7] . Previous studies suggested that the exact eruption ages and spatial distribution of the volcanic rocks and granites are the key factors for understanding the tectonic setting [4, [7] [8] [9] [10] [11] . This study attempts to address this issue from a new view point, using a singularity analysis method on the basis of a dataset (n = 823) of volcanic zircon U-Pb ages.
The concept of singularity for a geological application point of view was originally introduced by Cheng [12] , and can be defined as a special phenomenon with anomalous energy release or material accumulation occurring within narrow spatial-temporal intervals in geological processes. Since then, the singularity model has been widely used in various fields of geological science for characterizing geo-events with scaling properties [13] . In early studies, the singularity model was applied to the identification of the distributive patterns of ore deposits and the separation of geochemical anomalies from the background [14] [15] [16] . Recently, this model was used to understand the formation and growth of continental crust [17, 18] , and to predict the lifetime of global plate movement [19] , and to characterize the flare up of magmatic activities in Himalayas [20] . However, singularity analysis has not yet been applied to volcanic zircon ages to understand the tectonic setting of the GXR. [21] . (b) is modified from [22] . Ages in red indicate the Pacific oceanward migration of Pacific subduction in Jurassic and Cretaceous [22] . The GXR is composed of blocks EB, NB, SB and NMB. EB, Erguna Block; NB, North Great Xing'an Range Block; SB, South Great Xing'an Range Block; NMB, North Margin Block of North China Craton.
In this study, we present a singularity analysis method to analyze a dataset (n = 823) of volcanic zircon U-Pb ages in the Mesozoic from the GXR in order to characterize the relationship between transitional ages (knee points on a log-log plot) and Paleo-Pacific Plate subduction.
Data and Methods

Data
The data used for this study were taken from Zhang et al. [4, 9] . The rock types for zircon LA-ICP-MS dating include basalt, olivine basalt, basaltic andesite, andesite, dacite, rhyolite, rhyolitic tuff. In order to control the quality of the dataset, the discordance (discordance = (1 − ( 206 Pb/ 238 U age/ 275 Pb/ 235 U age) × 100) of ages above 10% are excluded. There were 823 ages from 95 to 515 Ma (Supplementary Materials, Table S1 ).
Singularity Analysis
The singularity analysis method can be described by the Pareto model from a probability point of view. The Pareto (power-law) model, on the other hand, is a scale-free (invariant) distribution that describes variations or anomalous outputs from geo-processes. Singularity analysis was introduced by Cheng [12] , and the singularity index is:
where µ is a measurement, and ε is a local scale. Furthermore, the singularity index (k) is
where the value y i is proportional to the power (−k i ) of the input x i (>0), and i is the box number based on the gliding box method for singularity modeling [23] . R 2 i is the correlation of the curve. Ordinary density of an object (ρ) is
where m(v) represents the mass contained in a volume (v). The fractal density of ages around age peaks [20] is
where N(∆t) represents the number of ages around an age t within the time range of ∆t, and ρ(∆t) is the average fractal density of the age around the peak. ∆t is (Ma) the interval for calculating N(∆t).
Results
The singularity analysis results for volcanic zircon U-Pb ages of the GXR from 98 to 515 Ma are shown in Figures 2 and 3 . The histogram of volcanic zircon U-Pb ages (bin = 4 Ma) shows an obvious peak at 125 Ma (Figure 2a ), while the cumulative number-age distribution (bin = 10 Ma) exhibits two abnormal age points at 145 and 125 Ma (Figure 2b ). Three solid lines were fitted separately by the least square method for the data before 
Discussion
Advantages of Singularity and Mechanisms of the Power-Law Distribution
Compared to probability-age diagrams, the singularity method (e.g., singularity analysis, fractal analysis) has the advantage of enhancing and amplifying abnormal ages, especially age peaks and transitional ages. For example, the singularity intensity of global zircon U-Pb age peaks actually depicts a descending trend and may signify mantle cooling [18] . A persistent ca. 760 Ma cycle was identified in global zircon records from 4.4 Ga to present by a statistical method [17] . These results mentioned in the two examples above are very difficult to demonstrate by the conventional probability-age method or the histogram-age method. In addition, a small dataset of U-Pb ages could be analyzed by the singularity method [20] . Thus, the advantages of the analysis method are obvious.
Zhang et al. [4, 9] analyzed a large number of U-Pb ages in volcanic rocks and thus provided us with a possible opportunity to study magmatic processes and volcanic activities [24] . From a geochronological and geochemical perspective, Zhang et al. [4, 9] analyzed the geochemical difference between the Northern and Southern GXR and discussed the geodynamic setting of the Mesozoic volcanic rocks in the GXR. An age peak at 125 Ma could be easily identified by a histogram-age diagram and may be caused by the delamination of a thickened lower crust [9] . However, no valley value of age at 145 Ma was recognized [4, 9] , which may be linked to slab rollback [24] . In this study, an age peak at 125 Ma and a transition age at 145 Ma are easily recognized by the cumulative number-age and singularity methods (Figures 2 and 3) . These results can be analyzed to reveal more detail about magmatic processes and plate movement [24] . Singularity analysis can be described by power-law distribution [18] , and the mechanisms may correspond to phase transition (PT), self-organized criticality (SOC), or multiplicative cascade processes (MCP) [13, 18, 25] .
The singularity analysis is from point of fractal and non-linear view, which is quite different from geology view (e.g., geo-tectonics, geodynamics), and may be useful for us to understand geological processes.
Implications for Tectonic Setting
There are two main schemes that have been proposed to interpret the tectonic setting in which the Mesozoic volcanic rocks in the Great Xing'an Range were formed.
The first model suggests that the geological background of the Mesozoic volcanic rocks was subduction of the Mongol-Okhotsk Ocean and subsequent magmatism [5, 26] . Although it may be argued that the Jurassic basalt exposed in the western part of the GXR might be linked to the subduction and closure of the Mongol-Okhotsk Ocean, the following lines of evidence do not support this interpretation. Firstly, Mesozoic volcanic rocks are widely distributed not only in the main continental area of China but also in Korea and Japan [2] , which cannot be explained by the subduction of the Mongol-Okhotsk Ocean. Secondly, the ophiolitic mélange along the Solon-Ker suture zone at the southern margin of the GXR and the Late Permian intermediate and felsic intrusions indicates that the final closure of the Mongol-Okhotsk Ocean occurred during the Middle or end-Permian (252-272 Ma) [27, 28] . It is very difficult to interpret why large-scale volcanic rocks are in the early Cretaceous, rather than in the Permian.
The second model that has been proposed involves the subduction of the Paleo-Pacific Plate beneath Eastern China [7, 11, 29] . There are several of lines of evidence that support this interpretation. On the one hand, the direction of the Mesozoic volcanic rocks is in an NNE direction, parallel to the NNE-oriented Asian continental margin [4] . On the other hand, it has been demonstrated that Mesozoic accretionary complexes are extensively developed along the whole eastern margin of the Asian continent [2, 8, 11] , undoubtedly indicating a subduction regime related to the Paleo-Pacific Plate. Lastly, the volcanic rock zircon U-Pb age peak is at about 125 Ma [9] , which is mostly linked to the subduction of the Paleo-Pacific Plate beneath the GXR in the Mesozoic, rather than to the subduction of the Mongol-Okhotsk Ocean beneath the GXR in the late Paleozoic [28, 30, 31] . The cumulative number-age distribution of volcanic rock ages in the GXR (Figure 1b) shows that there are obviously two abnormal transitions at about 145 and 125 Ma. These transition ages can be stated as the transitional condition of the plate movement [25, 32] , which is linked to the shifting of Paleo-Pacific Plate subduction in the Mesozoic [18, 20] .
Thus, the regime of subduction of the Paleo-Pacific Plate is most likely the tectonic setting for volcanic rocks in the GXR.
Possible Mechanisms Corresponding to Age Transitions
As the results show in Figure 2 , 125 Ma is the age peak in the histogram, while 145 Ma is the transition in the cumulative number-age distribution diagram. The average fractal densities at about 125 and 145 Ma were fitted by the power-law functions (Figure 3 ). This suggests that ages at 125 and 145 Ma are subject to a fractal model and can be described by the singularity analysis method [18, 23, [33] [34] [35] [36] .
Singularity can be defined as an abnormal phenomenon occurring within narrow temporal intervals in geological processes [18] . The mechanisms of the singularity (Figure 4 ) of age peaks may be associated with deep subduction, slab avalanches, or slab breakoff [18, 20] . The processes of subduction and slab breakoff occurred, facilitating the downwelling and upwelling of asthenosphere, which triggered a series of magmatic and volcanic events [9, 11, 20] . Both granitoids and volcanic rocks show a peak at about 125 Ma [9, 11] . Furthermore, A1-type granitoids developed widely, and the high zircon saturation temperatures in intrusive rocks indicate that there was an extension in tectonic setting and the upwelling of asthenosphere in the Mesozoic in the GXR [7, 37, 38] . Therefore, the age peak at 125 Ma in the GXR may be linked to slab breakoff from the subducted Paleo-Pacific Plate. [13, 18, 26] . The transition at 145 Ma may be related to slab rollback due to the subduction of the Pacific Plate, while the transition at 125 Ma may be related to slab breakoff of the Pacific Plate, coupled with the upwelling of asthenosphere, the delamination of thickened crust, and magmatic eruptions. Great Xing'an Range, GXR, Northeast China, East Asia.
The transition time at about 145 Ma shown in the cumulative number-age distribution diagram (Figure 2b ) may be linked to the shifting of the subducted Paleo-Pacific Plate. From mathematical and physical perspectives, the transition time at about 145 Ma indicates a shift in the conditions of subduction [13, 25] . Previous studies argued that the transition may be corresponding to the delamination of the thickened crust of the subducted Paleo-Pacific Plate [8, 9] . This view relates to the key issue of whether the subduction direction of the Paleo-Pacific Plate shifted or not. As discussed above, slab breakoff from the subducted Paleo-Pacific Plate caused large-scale magmatic and volcanic events. In other words, a shift in the direction of subduction of the Paleo-Pacific Plate may have resulted in a transition at about 145 Ma. Data from Archean cratons have demonstrated that delamination was related to the rollback of subducted flat slabs, rather than an angle shift of subducted flat slabs [39] . Furthermore, thermo-mechanical numerical modeling and geochronology of the metamorphic core complex in Eastern China revealed that the rollback of the subducted Pacific Plate occurred before delamination [40] [41] [42] [43] [44] [45] [46] [47] . Volcanic ages in the Cretaceous became younger from west to east, as shown in Figure 1 , also implying that slab rollback coupled with back-arc extension were related to Pacific Plate subduction and subsequent volcanic activities [8, 9, 11] . Therefore, the possible mechanism of the transition age at 145 Ma may be linked to the rollback of the subducted Pacific Plate. The model shown in Figure 4 may be the best to explain the age peak at 125 Ma and the transition at 145 Ma.
Conclusions
Age distribution can reveal significant information about geological processes. In this paper, a singularity analysis method (frequency anomalies) is further used to analyze a small dataset of zircon U-Pb ages from the Great Xing'an Range (GXR) in order to characterize the causational relationship between age abnormality and Pacific Plate subduction. The results show that the age densities around the peak at 145 Ma and the transition at 125 Ma can be fitted by power-law functions. The possible mechanisms corresponding to the age peak at 145 Ma and the transition at 125 Ma are slab rollback and slab breakoff of the Pacific Plate, which is consistent with conclusions from geology and geochemistry. This study suggests that singularity analysis can be used as a new tool to quantitatively characterize volcanic activities and tectonic setting in geological processes.
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